Abstract: Early Palaeozoic volcanic suites are widespread throughout the Variscan Belt, and have commonly been ascribed to incipient rifting along the northern periphery of Gondwana in Cambrian to Ordovician times. Their distribution across Europe defines the present-day extent of Gondwana-derived terranes and constrains the timing of their separation from the Gondwanan margin. The Kaczawa Mountains in the West Sudetes, at the eastern termination of the Variscan Belt, include bimodal rift-related rocks, but their protolith age and, hence, their significance have been highly uncertain. We have applied secondary ionization mass spectrometry zircon geochronology to a metarhyodacite and a metatrachyte from this suite, yielding ages of 502.4 AE 2.6 Ma and 485.7 AE 1.6 Ma, respectively. This constrains the initial rift magmatism to c. 500-485 Ma in this part of the European Variscides. The rift-related Early Palaeozoic volcanism thus seems to have been broadly synchronous throughout the peri-Gondwanan terranes of Europe.
'Bimodal' magmatic complexes of Early Palaeozoic age are common within the Variscan Belt of Europe. They mostly show geochemical features of within-plate lavas and are commonly interpreted as emplaced during Cambrian-Ordovician rifting along the northern periphery of Gondwana (e.g. Van Calsteren & den Tex 1978; Perekalina 1981; Pin & Lancelot 1982; Narębski et al. 1986; Pin 1990; Pin & Marini 1993; Bankwitz et al. 1994; Furnes et al. 1994; Briand et al. 1995; Abati et al. 1999; Floyd et al. 2000; Crowley et al. 2001; Dostal et al. 2001; Von Raumer et al. 2003; Pin et al. 2007 ; for contrasting views, see Oliver et al. 1993; Kröner & Hegner 1998) . Consequently, the beginning of Early Palaeozoic volcanism constrains the break-up of the northern Gondwana margin and the change in tectonic regime following the Cadomian (Pan-African) orogeny. The Kaczawa Complex of the West Sudetes in the NE part of the Bohemian Massif ( Fig.  1a and b) potentially includes an important record of this event, although the lack of reliable protolith ages has thus far prevented its firm identification. The mafic and felsic metavolcanic rocks of this epimetamorphic complex have been interpreted as emplaced in a continental initial rift setting at the inception of the Early Palaeozoic pre-orogenic basin (e.g. Furnes et al. 1994) . However, the lack of reliable time constraints has allowed alternative interpretations. Kozdrój & Skowronek (1999) , for instance, suggested a Silurian age for the felsic volcanic rocks, and hence for this rifting event, based on ambiguous stratigraphic relationships (e.g. Skowronek & Steffahn 2000) . Thus, an isotope geochronological study of the metavolcanic rocks of this basin is critical to constraining the initiation of the Early Palaeozoic rifting that led to the dispersion of peri-Gondwanan terranes.
In this study, we present new sensitive high-resolution ion microprobe (SHRIMP) results from two representative samples of a metarhyodacite and a metatrachyte from the lower part of the Kaczawa sequence. The new dates documented here reliably constrain the onset of the Early Palaeozoic extensional basin that is now incorporated into the Variscan accretionary prism.
Geological setting
The Kaczawa Complex in the West Sudetes ( Fig. 1a and b ) occurs within one of several diverse tectonostratigraphic terranes at the NE margin of the Bohemian Massif, juxtaposed along thrust-and normal-fault contacts and, in particular, along strikeslip faults and shear zones (e.g. Aleksandrowski & Mazur 2002; Kryza et al. 2004; Mazur et al. 2006) . The Kaczawa Complex is formed of metavolcanic and metasedimentary rocks (Cambrian?-Ordovician to Late Devonian-Early Carboniferous) and sedimentary-tectonic mélange (Late Devonian-Early Carboniferous). The Variscan metamorphic overprint ranges from low grade in some mélange bodies, to blueschist-and subsequent greenschist-facies conditions in other units Kryza & Muszyński 2003) . The Kaczawa Complex is subdivided into a number of tectonic units of various sizes up to c. 20 km along strike and 10 km across (their names and extents are shown in Fig. 1a ). These are interpreted as thrust sheets and slices, alternating with olistostromes and mélange bodies (Baranowski et al. 1990; Collins et al. 2000; Seston et al. 2000; Cymerman 2002; Kryza & Muszyński 2003) .
The lower part of the stratigraphic succession ( Fig. 2 ) comprises felsic and mafic metavolcanic rocks associated with metavolcaniclastic and other metasedimentary rocks: the Gack- owa Formation sandstones, the crystalline Wojcieszów Limestone, and locally abundant metamudstones (Teisseyre 1963; Baranowski et al. 1990; Kryza & Muszyński 1992; Kryza 1993; Muszyński 1994) . Based on geochemical and isotopic characteristics of the metavolcanic rocks, this part of the Kaczawa succession was interpreted as emplaced in an initial rift setting within continental crust (Furnes et al. 1994) .
Higher in the Kaczawa succession (Fig. 2) , thick bodies of pillowed and massive metabasalts occur, in association with Silurian black cherts and graptolitic slates (Rzeszówek-Jakuszowa and Dobromierz units in Fig. 1a) . The mid-ocean ridge-type basalts, together with the pelagic deposits, suggest that this higher part of the succession developed in a mature basin underlain by an oceanic-type crust (Furnes et al. 1994) .
The youngest part of the Kaczawa Complex is represented by polygenetic mélange bodies that formed within the Variscan accretionary prism (Baranowski et al. 1990; Collins et al. 2000; Kryza & Muszyński 2003) .
Petrography of the metavolcanic rocks
The lower part of the Kaczawa succession comprises composite metavolcanic suites and intercalated metasedimentary rocks. The metavolcanic rocks include (Kryza & Muszyński 1992) : (1) transitional tholeiitic-alkaline metabasalts; (2) metarhyodacites (the Osełka Rhyodacites); (3) a bimodal alkaline metabasalttrachyte suite (the Lubrza Trachytes).
The transitional metabasalts are represented by pillowed and massive lavas and pillow breccias, all of within-plate geochemical character (Furnes et al. 1994) . The metarhyodacites are found as discontinuous, strongly elongated, relatively thin (up to 100-200 m) and often strongly sheared rock bodies (interpreted as ash-flow sheets). Their geochemical and isotopic features are typical of magmas derived from continental crust. In contrast, the bimodal suite (the Lubrza Trachytes) forms small shallow intrusions and extrusions associated with minor volcaniclastic rocks. The composition of these rocks ranges from alkali basalts to trachytes, and is typical of continental initial rift settings (Furnes et al. 1994) .
Sample OK9, metarhyodacite
The sampled rock from Osełka Hill, west of the village of Mysłów (Fig. 1c) is a moderately sheared, pale cream coloured, aphanitic rock, locally with a mylonitic texture. The rock is fine grained (grain size c. 0.01 mm) and composed of quartz, Kfeldspar, plagioclase, sericite, minor chlorite, and abundant accessory zircon and apatite.
Sample LA2, metatrachyte
The rock collected from Lubrza Hill, east of Mysłów, is dark grey, purple-tinted, massive and generally aphanitic with scarce alkalifeldspar phenocrysts a few millimetres in size. The microcrystalline felsic matrix is composed of feldspars, quartz, sericite, iron oxides and, commonly, finely crystalline aegirine. Rare jadeite was ascertained as small relict inclusions in feldspars and it was interpreted to have been formed during an early high P-T metamorphic event Muszyński & Kryza 1993 ).
Sensitive high-resolution ion microprobe (SHRIMP) results

Methods
The samples, each c. 5 kg in weight, were crushed in a jaw crusher to a grain size of , 0.25 mm, and heavy mineral concentrates were extracted by sieving, heavy liquid and paramagnetic techniques. Zircon grains were hand-selected and mounted in epoxy resin together with chips of the TEMORA (Middledale Gabbroic Diorite, New South Wales, Australia) and 91500 (Geostandart zircon) reference zircons. The grains were sectioned approximately in half and polished. Reflected and transmitted light photomicrographs and cathodoluminescence (CL) SEM images were prepared for all zircons. The CL images were used to decipher the internal structures of the sectioned grains and to target specific areas within these zircons.
In situ SIMS U-Pb analyses were performed on a SHRIMP II at the Centre of Isotopic Research (CIR) at VSEGEI following the procedure described by Williams (1998) and Larionov et al. (2004) . The results were processed with the SQUID v1.12 (Ludwig 2005a ) and ISOPLOT/Ex 3.22 (Ludwig 2005b ) software, using the decay constants of Steiger & Jäger (1977) . The Pb/U ratios have been normalized relative to a value of 0.0668 for 206 Pb/ 238 U of the TEMORA reference zircons, equivalent to an age of 416.75 Ma (Black et al. 2003) . The common lead correction was made using measured 204 Pb according to the model of Stacey & Kramers (1975) . Uncertainties given for individual analyses (ratios and ages) are at the 1ó level; however, the uncertainties in calculated concordia ages are reported at 2ó level. The results are presented in Table  1 and Figures 3-6.
Metarhyodacite OK9
Typically, the zircons of the Osełka Rhyodacites are euhedral, short-to medium-prismatic, with dominant (100) prism and (101) pyramid. Most crystals have a clear central domain, and ). However, their Th/U ratios fall within the same range as those of the main group B. An important feature of these 'young' zircons is that they are usually strongly cracked. The core of one of such crystal (OK9_8.1) yielded a slightly discordant older age of 519 AE 2 Ma.
Metatrachyte LA2
The zircons are not very abundant despite the high Zr contents determined in bulk chemical analyses, up to 1186 ppm (see Furnes et al. 1994) . Typically, they are euhedral, short-prismatic, with strongly dominant (100) prism and (110) pyramid. Most are clean and homogeneous, with only a few displaying indistinct cores and zoning (e.g. LA2_5.1, 6.1, 7.1, 9.1); the latter grains are usually brighter in CL images (Fig. 5 ).
Group A, inherited zircons
Two of the 13 analytical points yielded relatively old and somewhat discordant ages: LA2_5.1: 568 AE 5 Ma; 9.1: 528 AE 3 Ma (Fig. 6) . They represent the central areas of subhedral crystals, distinctly zoned and relatively CL-bright. The crystals contain 150-533 ppm U and 53-236 ppm Th, and have Th/U ratios of 0.39-0.46.
Group B, zircons of 485.7 AE 1.6 Ma (2ó) mean age This is the main population of zircons, represented by nine analytical points in six grains, both in their inner and outer parts. All these zircons are similar in their habit and physical features: euhedral, usually short-prismatic, mostly with no internal zoning. They have moderate to high Th and U concentrations (268-1654 and 351-1418 ppm, respectively) and thus are CL-dark. The Th/U ratios are high, at 0.73-1.31.
Group C, young or problematic zircons
Two analytical points depart from the main population in having moderately discordant and significantly younger ages: LA2_1.1: 474 AE 25 Ma; 6.1: 448 AE 1 Ma. Both points are located in the centres of crystals, 6.1 being slightly zoned, and 1.1 having typical features of those from Group B. Also, the Th/U ratios are similar to those in Group B. However, the reverse discordance of these points makes their interpretation problematic.
Discussion and conclusion
The new SHRIMP zircon data indicate two different volcanic episodes that produced rhyodacites at c. 502 AE 3 Ma and trachytes at c. 486 AE 2 Ma (see Fig. 7 ). The somewhat older rhyodacitic rocks were shown to have been derived from continental crustal substrates as indicated by their geochemical characteristics, and negative E Nd signatures (Furnes et al. 1994) . Characteristically, these rocks contain inherited zircons of Precambrian age (2.13-2.24 Ga), consistent with the magmatic reworking of old crustal materials. Such Palaeoproterozoic ages are typical inherited components of Central European crust incorporated into the Variscan belt, indicating intense continental crust-forming processes at that time (Gebauer et al. 1989; Friedl et al. 2000 Friedl et al. , 2004 Zeh et al. 2001) .
The metarhyodacite sample included several points with strongly discordant younger ages dispersed between 474 AE 5 Ma and 269 AE 4 Ma. These zircon grains were traversed by numerous cracks, suggesting a disturbed U-Th-Pb system, as further indicated by higher Th and U concentrations at these analytical points. The enclosing metarhyodacites are usually strongly sheared, in contrast to the weakly deformed metatrachytes (the latter thus being more resistant to Pb loss).
The younger trachytic lavas represent acidic fractionates of a bimodal, mantle-derived magmatic suite as shown by their geochemical comagmatic character and E Nd values of +1.9 to +3.7 within the suite (Furnes et al. 1994) . They belong to the Lubrza Trachytes, which on the basis of field evidence (e.g. wayup indicators in the associated pillow lavas, consistently pointing here to the south) are stratigraphically above the metarhyodacites (Kryza & Muszyński 1992) , which is consistent with our SHRIMP data.
In contrast to the metarhyodacites, inherited zircons were sparse in the metatrachytes, and nearly all the analytical points indicate a considerable homogeneity of the zircon population. This feature indicates alkaline magma undersaturation with Zr, which could have led to complete dissolution of inherited zircons; this is also in line with the earlier interpretation of these lavas as differentiates of mantle-derived magmas, based, for example, on positive E Nd values (Furnes et al. 1994) .
The rare inherited component of zircons in the metatrachyte (age group A) represents a vestige of magmatic events dispersed in time throughout the Proterozoic to Cambrian transition. The inherited component dated at 568 AE 5 Ma corresponds to the younger period of Cadomian magmatic activity in the Armorican Massif (Inglis et al. 2005; Samson et al. 2005 ) and the age of granitic pebbles and detrital zircons extracted from Lusatian greywackes (Linnemann et al. 2000 and Kaczawa metasandstones ). Zircons of similar ages are common in Cadomian basement blocks of peri-Gondwanan affinity (Friedl et al. 2000 (Friedl et al. , 2004 Zeh et al. 2001) . The younger inherited age of 528 AE 3 Ma is similar to the ages of some felsic metavolcanic rocks from the Central Sudetes (Kröner et al. 1997; Turniak et al. 2005) and can be interpreted in terms of Cadomian post-orogenic magmatism otherwise recognized in the Czech Tepla-Barrandian zone (Chlupáč et al. 1998; Drost et al. 2004; Pin et al. 2007) .
The new results are in accord with a model that suggests a uniform timing for the initial break-up of the Gondwana margin throughout the Variscan Belt (Pin & Marini 1993; Abati et al. 1999) . This is the case despite the complexity of modern terrane interpretations (e.g. Matte 1991; Franke & Ż elaźniewicz 2000; Von Raumer et al. 2003) . The ensuing birth of the Rheic Ocean is clearly readable from the magmatic record in the Kaczawa Complex and, thus, appears to be a widespread and Fig. 7 . Schematic illustration of a model of an evolving continental rift, from (a) to (b), and associated magmatism producing the lower part of the Kaczawa succession (modified after Furnes et al. 1994) . The new SHRIMP zircon data from the Osełka Rhyodacites (502.4 AE 2.6 Ma) and the Lubrza Trachytes (485.7 AE 1.6 Ma) provide rigorous time constraints for the Early Palaeozoic rifting processes recorded in rock complexes in that part of the Variscides. The shell symbol in (b) denotes Ordovician fossils.
broadly synchronous event in the peri-Gondwanan realm. The significantly older rhyodacitic magmas probably came from partial melting of continental crust material, caused by a distal heat source. They were followed c. 16 Ma later by mantlederived alkaline magmas (the bimodal volcanic suite). The general change in tectonic regime, following the termination of the Cadomian orogeny, may reflect mantle plume activity Crowley et al. 2001) or the collision of an oceanic ridge with the Gondwana margin (Nance & Murphy 1996; Nance et al. 2002) . A modern analogue for such ridgecontinent collision is the Baja California region on the Pacific coast of North America. We regard this type of process as the most likely trigger for the inception of the widespread continental rifting that led to the dispersion of Early Palaeozoic terranes from Gondwana.
Q. Crowley and an anonymous reviewer are thanked for their constructive reviews. Wrocław University Internal Grant 2022/W/ING/05 provided funds for the SHRIMP study. M. Kryza helped in preparing computerized figures. The zircons were mounted and prepared by A. Saltykova (CIR VSEGEI).
